Optical and structural properties of submonolayer InGaAs/GaAs quantum dot solar cells (SML-QDSCs) are investigated and compared with quantum well solar cells (QWSCs). Compared with InGaAs/GaAs QWSCs with a similar structure, the material quality for SML QDSCs is significantly improved with a reduced density of both crosshatch patterns and defects. This coincides with a much higher photoluminescence intensity obtained for SML QDSCs. SML QDSCs thus exhibit an increase in open circuit voltage of 70 meV and an improvement in short circuit current from 15.9 mA/cm 2 to 17.7 mA/cm 2 in comparison with
Introduction
The energy crisis and environmental issues require urgent development of renewable energies. Considerable attention has been paid to solar energy, which is abundant, inexhaustible, and clean [1] . To make solar energy more affordable and accessible to everyone, great efforts have been made on photovoltaic cells with low cost per Watt, which depends on the solar cell power conversion efficiency. Multijunction solar cells are promising in realizing the third generation solar cells with ultrahigh efficieny [2] . However, the lattice and current mismatch between subcells poses a major challenge to further improve the device efficiency. Lattice-matched subcells consisting of quantum structures have been proposed to obtain the optimal energy bandgap and current matching for multijunction solar cells [3, 4] . The quantised energy levels in the semiconductor nanostructures, such as quantum wells (QWs) and quantum dots (QDs), can introduce additional absorption in the cell and provide a better way to manage the current matching [5] [6] [7] or to implement intermediate band solar cells [8] [9] [10] .
Quantum well solar cells (QWSCs) made from III-V nanomaterials, such as InGaAs/GaAs QWs, have demonstrated improved short-circuit current density (J sc ) due to extended photon absorption compared with their bulk counterpart. However, the lattice mismatch between the InGaAs QW structures and the GaAs matrix materials places an upper limit on the number of InGaAs QWs that can be incorporated into the devices, and hence the contribution of sub-bandgap photon absorption to photocurrent remains marginal. As a result, strain-balanced InGaAs/GaAsP QWSCs have been developed as a means of overcoming the limits inherent to the strained approach [11] . Although it is possible to grow locally strained InGaAs/GaAsP layers which are unstrained with GaAs substrates, the strain at the InGaAs and GaAsP interface will limit the indium content and thickness of InGaAs QWs that is directly related to the absorption wavelength. Moreover, GaAsP straincompensation layers will increase the barrier potential for the photo-generated carriers in InGaAs QWs, and hence reduce the escape rate of these carriers out of InGaAs QWs into base region. This is the key challenge for the further development of strainbalanced InGaAs/GaAsP QWSCs [12] [13] [14] .
Submonolayer (SML) QDs are grown by depositing strained InAs with less than one monolayer coverage on the GaAs matrix. They have emerged as an alternative low-dimensional nanostructure to the conventional Stranski-Krastanov QDs and QWs. SML QDs possess several advantages, such as high areal density, high uniformity, absence of the wetting layer, and adjustable aspect ratio [15, 16] . The dense and uniform SML QDs are promising in improving the sub-bandgap photon absorption. Despite these promising properties of SML QDs, photovoltaic cells made from such nanomaterials have not been studied [17] . In this letter, we report on the solar cells with incorporating multi-stacked InGaAs/ GaAs SML QDs. The SML QDSCs are investigated in terms of the structural quality, optical properties, current-voltage characteristics, and quantum efficiency. A direct comparison is performed Three samples, InGaAs/GaAs SML QDSC, InGaAs QWSC, and GaAs reference cell, were grown via a solid-source molecular beam epitaxy (MBE) on n-type GaAs (100) substrates. All solar cells have a similar p-i-n structure that consists of a 200 nm highly doped n-type GaAs buffer layer, 1000 nm n-type GaAs base, 420 nm intrinsic region, 250 nm p-type GaAs emitter, 30 nm p-type Al 0.75 Ga 0. 25 As window layer, and 50 nm highly doped p-type GaAs contact layer, as schematically shown in Fig. 1 . SML QDs, QWs, and GaAs bulk material were grown in the intrinsic region for SML QDSC, QWSC, and GaAs reference cell, respectively. The intrinsic region of SML QDSC had 20 periods of stacked SML QD layers each separated by a 16 nm GaAs barrier. The stacked SML QD layers consisted of six alternating layers of 0.5 ML InAs and 2.5 ML GaAs. In the case of the QWSC, the stacked InAs/GaAs layers in SML QDSC were replaced by one 18 ML thick In 0.167 Ga 0.833 As layer. High-growth-temperature GaAs spacer layers were used to suppress the formation of threading dislocations [18, 19] . The surface morphology of the solar cell samples was characterised by a Veeco Nanoscope V atomic force microscope (AFM). Photoluminescence (PL) spectra of the samples were recorded by a Peltier cooled Ge detector under excitation from a 532 nm diode-pumped solidstate laser. The excitation power was fixed at 30 mW. Ohmic contacts were made by evaporating Au/Zn/Au and Ni/AuGe/Ni/Au for the p and n contacts, respectively. No anti-reflection coating was applied on the solar cell surfaces. The current density versus voltage (J-V) characteristics of the solar cells were measured under 1 sun AM 1.5G illumination at 25 1C. The external quantum efficiency (EQE) was measured at room temperature and zero bias. Strain-relaxation is reported to introduce surface undulation and/or local enhancement of growth rate over the misfit dislocations, which is the primary cause attributed to the creation of crosshatch patterns [20] . As an equal amount of indium was supplied to the SML QDSC and QWSC, the same degree of surface undulation should be expected. Interestingly, the QWSC clearly appears to have a rougher surface with a higher density of ridges. Fig. 2(c) shows the AFM line profiles along the two orthogonal 〈011〉 directions on both cell surfaces. The profile roughness along [0 À 11] is 0.45 nm and 0.54 nm for SML QDSC and QWSC, respectively. However, the profile roughness along [011] is 0.24 nm and 0.39 nm for SML QDSC and QWSC, respectively. The difference of surface roughness in orthogonal 〈011〉 directions is attributed to the anisotropic strain relaxation in the two directions [21] . The difference between the crosshatch patterns on both surfaces indicates that the strain relaxation is different during the heteroepitaxy growth of SML QDSC and QWSC. While depositing fractional coverage of InAs, indium segregation leads to InAs agglomerations that cause three-dimensional shape transformation or compositional modulation. At high indium concentration, three-dimensional islands tend to nucleate and result in QD potential wells. However, for dilute indium concentration QD potential well formation is mainly attributed to the presence of localised InAs rich regions [22] . This is in agreement with transmission electron microscopy (TEM) images shown in Fig. 3 , in which the low indium concentration was observed for both SML QDs and QWs. The formation of InAs agglomerations will partially compensate the lattice-mismatch between InAs and GaAs. The undulated surface formed by elastic strain-relaxation is thus less prominent for the SML QDSC. The accumulation of strain in the multilayer QWs not only leads to the rougher surface, but also results in the defect formation directly below the multiple QWs to relax the strain as shown in the TEM image Fig. 3(a) . In comparison, there is no defect observed for the SML QDSC shown in Fig. 3(b) .
The PL spectra of the QWSC and the SML QDSC are compared in Fig. 4 . At room temperature, both SCs show a narrow emission peaked at $ 960 nm. The full-width at half-maximum of the PL spectrum is 11.6 nm and 12.6 nm for the QWSC and the SML QDSC, respectively. SML QD is confirmed to be a mixed quantum well-dot structure and the submonolayer deposition of InAs in GaAs matrix forms InAs rich two-dimensional islands in InGaAs wells [22, 23] . As a result, SML QDs show similar shallow confinement as QWs. Despite the similarity in spectrum shape, the PL intensity of SML QDSC is significantly higher than that of the QWSC. This could be explained in terms of the misfit dislocations generated in QWSCs as observed in Fig. 3(a) . These misfit dislocations can act as nonradiative recombination centres that will dramatically reduce the PL. In order to obtain further insight into the optical properties of the SCs, temperature-dependent PL measurements were carried out and the integrated PL intensities are plotted as a function of temperature in Fig. 4(b) . The SML QDSC exhibits stronger emission compared to the QWSC over the full range of temperatures, which confirms improved optical properties of the SML QDSCs. The Arrhenius equation is used to fit the temperature-dependent integrated PL data. Thermal activation energies obtained from the Arrhenius fitting are 58 meV and 64 meV for the SML QDSC and QWSC, respectively. The slightly higher thermal activation energy for the SML QDSC suggests three-dimensional confinement in InAs rich regions leads to stronger quantum confinement. This enhancement of quantum confinement is also reflected in the PL spectra in Fig. 4(a) , which shows the blueshift of PL peak for the SML QDSC compared to the QWSC. Fig. 5(a) shows the EQE spectra of the SML QDSC, QWSC, and GaAs reference cell. Compared to the GaAs reference cell, the additional spectral response at $ 960 nm is observed for both SML QDSC and QWSC. The EQE below the GaAs bandgap ( $ 10%) is comparable to the sub-bandgap EQE of Stranski-Krastanov QDSC that originates from wetting layer absorption; but it is distinctly higher than that measured from QDs (typically 1%) [24, 25] . Both the EQEs of the SML QDSC and QWSC above GaAs bandgap (o870 nm) are reduced compared to the GaAs reference cell. This EQE reduction can be attributed to the reduced carrier lifetime due to formation of defects caused by strain, such as crosshatches observed in Fig. 2 . In addition, the EQE of the QWSC with energies above GaAs bandgap is lower than that of the SML QDSC. AFM, TEM and PL measurements have demonstrated the improved crystal quality of the SML QDSC, as a result of strain-relaxation caused by the formation of InAs agglomerations and the suppression of defect formation. Compared to the SML QDSC, the formation of dislocations in the QWSC will increase non-radiative recombination, which will reduce the collection efficiency of photo-generated carriers, and hence degrade the EQE. The J-V characteristics under 1 sun AM1.5G illumination are shown in In agreement with the EQE measurements, both the SML QDSC and QWCS shows lower quantum efficiency than that of the GaAs reference cell which has the highest J sc of 18.2 mA/cm 2 .
However, the improved material quality has enabled the SML QDSC to obtain a recovered J sc of 17.7 mA/cm 2 , compared to 15.9 mA/cm 2 for the QWSC. The V oc of the SML QDSC is 0.69 V, which is slightly higher than 0.62 V obtained for the QWSC. Since the effective bandgap is about the same for SML QDSC and QWSC, the reduction in V oc for QWSC could be well explained by the formation of dislocations, as observed in Fig. 3(a) . The SML QDSC shows a higher efficiency of 7.0% than that of 4.7% for the QWSC.
Here it should be noted that, the material quality of InGaAs QWSCs and SML QDSCs could be significantly enhanced by using a GaAsP strain-compensation layer, and hence the performance of InGaAs QWSCs and SML QDSCs. However, the GaAsP compensation layer will increase the potential barrier, and hence suppress the escape rate of photo-generated carriers out of InGaAs QWs. For InGaAs SML QDSCs, a GaAsP strain-compensation layer with less phosphorus content is required to ensure the material quality. Therefore, a higher escape rate of photo-generated carriers is expected for InGaAs SML QDSCs compared to InGaAs QWSCs, which consequently results in higher J sc . In summary, the InGaAs/GaAs SML QDSC is proposed and demonstrated in this work. The material quality and device performance of the SML QDSCs are compared with those of InGaAs/GaAs QWSCs. By replacing the QWs with SML QDs, both the structural and optical properties of the solar cells have been improved, because of the unique strain relaxation mechanism of SML QDs. In comparison with QWSCs, the SML QDSCs show an enhanced V oc from 0.62 V to 0.69 V and increased J sc from 15.9 mA/cm 2 to 17.7 mA/cm 2 . By using the strain-balancing technique, further improvements in J sc and V oc for SML QDSCs are expected. SML QDs thus show promise as an alternative to QWs in the implementation of high-efficient solar cells. 
